ABSTRACT Fibrillar collagen, being highly noncentrosymmetric, possesses a tremendous nonlinear susceptibility. As a result, second-harmonic generation (SHG) microscopy of collagen produces extremely bright and robust signals, providing an invaluable tool for imaging tissue structure with submicron resolution. Here we discuss fundamental principles governing SHG phase matching with the tightly focusing optics used in microscopy. Their application to collagen imaging yields several biophysical features characteristic of native collagen structure: SHG radiates from the shell of a collagen fibril, rather than from its bulk. This SHG shell may correspond to the supporting element of the fibril. Physiologically relevant changes in solution ionic strength alter the ratio of forward-to-backward propagating SHG, implying a resulting change in the SHG shell thickness. Fibrillogenesis can be resolved in immature tissue by directly imaging backward-propagating SHG. Such findings are crucial to the design and development of forthcoming diagnostic and research tools.
INTRODUCTION
Multiphoton microscopy, based on nonlinear excitation of fluorescent probes, has become a standard method for noninvasive imaging of thick specimens with cellular resolution (Denk et al., 1990; Zipfel et al., 2003b) . Coherent nonlinear microscopies, based on photon scattering, including secondor third-harmonic generation (SHG or THG) microscopy (Hellwarth and Christensen, 1974; Barad et al., 1997; Muller et al., 1998; Moreaux et al., 2000) or coherent anti-Stokes Raman scattering (CARS) microscopy (Volkmer et al., 2001; Cheng et al., 2002) , can provide similar detailed sectioning at relatively benign energies. Of particular relevance to biological imaging are collagen, microtubules and myosin, all of which are tissue intrinsic and highly noncentrosymmetric molecular assemblies that possess first hyperpolarizabilities large enough for SHG microscopy Williams et al., 2001; Campagnola et al., 2002; Dombeck et al., 2003; Zipfel et al., 2003a) .
Fibrillar collagen is the most abundant protein in mammals and fortuitously an extremely bright secondharmonic generator, with a hyperpolarizability just 10-fold less than crystalline quartz (Fine and Hansen, 1971; Freund, 1979,1981; . As a result, collagen SHG microscopy has recently become a robust tool for imaging tissue structure with cellular resolution, in both ex vivo and in vivo preparations (Guo et al., 1999; Williams et al., 2001; Campagnola et al., 2002; Stoller et al., 2002b; Wang et al., 2002; Brown et al., 2003; Zipfel et al., 2003a) . Collagen SHG signal yields images of general tissue structure as well as boundaries (capsules or structural membranes) between tissue types. With such capabilities, it provides a potent tool for visualizing the pathological effects of disease on the extracellular matrix. For example, SHG microscopy has shown that in tumor models collagen adopts an abnormal structure on which transformed cells exhibit increased motility (Wang et al., 2002; Brown et al., 2003) .
Because it is a coherent optical process, the principles underlying SHG microscopy are more complex than those of multiphoton fluorescence microscopy. Phase matching must be accounted for from all parts of the nonlinear focal volume (Moreaux et al., 2000; Mertz and Moreaux, 2001 ) based on its well-understood phase profile (Richards and Wolf, 1959) . Because phase information is retained, nonlinear scattering microscopies enable opportunities for gleaning information from signal directionality in addition to signal intensity. Type I collagen fibrils are particularly interesting because they are thick, with diameters comparable to the wavelength of visible light (Parry et al., 1978; Craig and Parry, 1981) .
Here we elucidate basic principles for interpreting SHG microscope images and demonstrate how these rules apply to analysis of tendon collagen (type I). We show that collagen SHG radiates from a hollow tube defined by the surface layers of the fibril. The effective thickness of this SHG shell is below the resolution limit for optical microscopy and strongly dependent on the ionic strength of the surrounding solution. High-resolution images from backward propagating SHG can be used to identify punctuate segmental collagen characteristic of ongoing fibrillogenesis in young tissues or collagen turnover in older tissues. Because SHG microscopy can be accomplished in vivo (Wang et al., 2002; Brown et al., 2003; Larson et al., 2003; Flesken-Nikitin et al., 2004) , the technique exhibits promise for biomedical assessment of tissue structure, especially in processes where the extracellular matrix is being actively remodeled, such as in wound healing, malignancy, or development.
METHODS

SHG microscopy
Second-harmonic was generated using a Spectra Physics (Mountain View, CA) Ti:Sapphire laser (Millenium-Tsunami combination) providing ;100 fs pulses at 80 MHz at 700-1000-nm wavelengths. Beam scanning and image acquisition were performed with a BioRad Radiance 2000-MP scanning system (Hemel Hempstead, UK) interfaced with an Olympus IX70 (Melville, NY) inverted microscope. Linear illumination polarization with an adjustable orientation at the specimen was set using a Berek variable waveplate (5540, New Focus, San Jose, CA) placed before the scanner. The efficiency of collagen SHG increases as one tunes the fundamental to the shorter wavelength regions of the Ti:Sapphire tuning range (Zipfel et al., 2003a) . Note, however, that for vital imaging, this ,800-nm wavelength regime can be nonoptimal for several reasons. Illumination of live specimens with these wavelengths results in reduced cell viability (Williams et al., 1999) , and the effective imaging depth lessens with the resulting shorter, more scattering SHG wavelengths (Zipfel et al., 2003a) . Generally for these experiments the focusing objective consisted of a Zeiss 20 3 0.75 numerical aperture (N.A.) Fluar (Jena, Germany), the illumination wavelength was centered at 780 nm, and blocking of the fundamental was accomplished with BGG22 and 390/10 filters (Chroma Technology, Rockingham, VT). Unless specifically stated, the fundamental was adjusted to be parallel to the tendon axis, and the SHG intensity was detected without polarization selection. All exceptions to these general conditions are noted in the figure captions.
Backscattered SHG was collected in epi-mode with a dichroic (Chroma, 670DCXXRU) placed directly after the objective back aperture. SHG was separated into one of three photomultiplier tubes (PMTs) (R1924A-HA, Hamamatsu, Bridgewater, NJ) located in the microscope turret and the resulting signal amplified and sent to the external inputs of the Radiance. When necessary, SHG polarization separation was accomplished with a broadband polarizing cube beamsplitter (10FC16PB.3, Newport, Irvine, CA) and two polarizers (New Focus, 5511) placed within this unit.
Forward SHG was collected using a 403, 0.8 N.A. water immersion Olympus LUMPlanFL objective and a bialkali PMT assembly (Hamamatsu, HC125-02). The forward collection objective was spatially positioned for maximal collection of a two-photon excited fluorescent standard. Forward SHG polarization analysis was performed by rotating an analyzer (New Focus, 5511) in between the specimen and the forward PMT assembly. To image the SHG propagation profile, the illumination beam was held stationary in the specimen and a Nikon D1H camera (Melville, NY) equipped with a macro lens was focused at the back aperture of the forward collecting objective, a setup designed to image the Fourier plane from a focused spot in the specimen.
SHG from tendon is extremely bright. High-quality images can easily be collected from intensities that have been shown to be safe for cells (a few mW through a high-N.A. lens; Williams et al., 1999) . Tendon collagen is also extremely photostable and exhibits no signs of photodamage at powers as high as 50 mW with long laser dwell times (ms). However, with a beam that is stationary (for seconds to minutes) for spectroscopic measurements (Zipfel et al., 2003a) or SHG diffraction images, an artifactual photoinduced green fluorescence was sometimes observed to appear, especially with illumination wavelengths ,750 nm. If necessary, the illumination power was reduced accordingly for a stable signal.
Tendon specimens
All results presented were obtained from fresh Sprague-Dawley rat tails, stored refrigerated for no longer than 24 h. (Tendons from frozen tails exhibited results similar to those shown for fresh fibrils; these results are not presented within this article.) Fibrillogenesis and age-dependent SHG data are acquired from littermates sacrificed at different ages. All other results are from adult specimens. To extract tendons, tails were cut into ;1-cm sections and the tendons slid out axially through the tendon sheathing. For the ionic experiments, the tendons were immersed directly in pure water buffered to pH 7.4 with 20 mM HEPES. The tendons were attached to the coverslip on both ends with wax so as to render them immobile upon introduction of solutions. Varying strength osmotic solutions prepared using small and large osmolites (sorbitol and 8000 MW polyethylene glycol), as controls, had no significant effects. The few tendons to be fixed were incubated in 3.8% paraformaldehyde for 1 h. For all other experiments, the tendons were placed in physiological saline and imaged within 3 h of extraction.
Note that adult tendons can be several hundred microns thick, so that an uncalibrated ratio of SHG collected by forward versus backward detectors is meaningless. F/B depends upon the image depth within the tendon, the tendon's absorption and scattering properties, and the relative collection efficiency of the two detectors. All F/B measurements are thus normalized to blue-emitting 5-mm fluorescent beads (A7305, Molecular Probes, Eugene, OR) infused within the tendon, whose forward/backward fluorescence ratio is assumed to be one.
Theory: SHG polarization from collagen fibrils
The polarization (electric dipole moment per unit volume) induced by an electric field E is given (in Gaussian units) by:
where P 0 is the static dipole density, a is the polarizability matrix, and b and g are the first-and second-order hyperpolarizability matrices. The a, b, and g nomenclature has been used traditionally as the molecular equivalent to the various order macroscopic susceptibilities x (n) . Note that the matrices in some sources vary by a scalar value according to whether the 1/n! term from the Taylor series expansion is included within the hyperpolarizabilities (Willetts et al., 1992) .
By the definition in Eq. 1, an incident laser field at (x, y, z) with a frequency v induces a second-order polarization at 2v in the ith direction given by: P 2v;i ðx; y; zÞ ¼ + j;k AEb ijk ðx; y; zÞaeE v;j ðx; y; zÞE v;k ðx; y; zÞ: (2) Assuming both cylindrical and Kleinman symmetries Boyd, 1992) , the first-order hyperpolarizability matrix for a z-directed beam on a y-aligned fiber reduces to just two elements:
where E v;x and E v;y are the fundamental field strengths polarized in the x and y directions, respectively. Note that for linearly polarized light being focused with an N.A. , 0.8 objective, the polarization is reasonably constant within the focal volume (R. M. Williams and W. R. Zipfel, unpublished data; Richards and Wolf, 1959) , so that to a first approximation the SHG polarization characteristics are not affected by the focus (Stoller et al., 2002b) . By inspection of Eq. 3, a linearly polarized beam at an angle F with respect to the tendon produces an SHG intensity described by :
where I p is the total intensity measured with a perpendicularly polarized illumination beam and the ratio r ¼ ðb yyy =b yxx Þ is a measure of the fiber's axial polarizing effects. These equations were used to fit the output polarization of the SHG field.
Theory: SHG field propagation from a focused beam polarized parallel to the fibril axis
The local field distribution within the focus is extremely important for determining the propagation direction of the SHG field. For these experiments, the illumination beam was adjusted for linear polarization parallel to the fiber. The fibrils within the fiber are generally, but not entirely, aligned to the fiber axis. In the simplest case where the fibril is parallel to the fiber, collagen SHG is describable by a single hyperpolarizability element b yyy giving emission also parallel to the fibril (Eq. 3). The electric field profile for a linearly polarized, 1 z-directed beam at the focus of an overfilled high-N.A. focus can be calculated exactly (Richards and Wolf, 1959) , but for nonlinear applications is well approximated by a threedimensional (3-D) Gaussian volume with a planar phase profile exhibiting a reduced axial wave vector jk v (Moreaux et al., 2000) :
where v is the angular frequency of the fundamental, ŷ is the polarization direction, k v ¼ 2pn v =l v is the unfocused wave vector with a specimen index of n v , j is the wave vector reduction factor due to focusing that accounts for a reduction in axial momentum by conversion to lateral momentum components within the focus, and w and w z are the 1/e radii of the focal ellipse in the lateral and axial directions, respectively. Fits to exact field calculations (Richards and Wolf, 1959) yield explicit values for the size of the focal volume (Zipfel et al., 2003b) :
where n v sinQ is the N.A. of the microscope objective. For low N.A. (,0.8), j can be approximated by j cosðQ= ffiffi ffi 2 p Þ (Moreaux et al., 2000) . Note that the Gouy phase anomaly (Born and Wolf, 1980) is distributed approximately linearly over the focal volume. For weak focusing Q / 0, the phase shift over half the focal volume k v w z ÿ jk v w z p=2 as expected.
The second-harmonic field at any point (R, u, u) in the far field ( Fig. 1 ) was calculated by summing contributions from all induced nonlinear dipole radiators within the focal volume (Moreaux et al., 2000; Mertz and Moreaux, 2001 ):
3 expðÿik 2v ðz cos u 1 x sin u sin u 1 y cos u sin uÞÞ; (7) where h ¼ v 2 =pe 0 c 2 , C(x, y, z) is the spatially heterogeneous concentration of scatterer, k 2v ¼ 2pn 2v =l 2v is the wave vector of the scattered emission, and c is the angle subtended from the y axis (the direction of the induced second-harmonic dipole) to the point of observation:
The scatterer distributions C(x, y, z) for the various calculations are described in the relevant figure captions. Calculations were made with array processing routines written in IDL (Research Systems, Boulder, CO). In all cases, the integration was carried out over a 3-D array at least five times larger than the focal volume using a voxel size ,ðl v =20Þ 3 : Forwardpropagating SHG (F) is the total E 2 2v produced for a fixed observation distance R with ÿp/2 # u # p/2 and the backward-propagating SHG (B) is the total E 2 2v with p/2 # u # 3p/2. Trial calculations performed using the exact field distribution (Richards and Wolf, 1959) yielded results consistent with the Gaussian approximation of the illumination field (Eq. 5). Note that these calculations describe the propagation of induced y-polarized SHG from a y-polarized fundamental on a y-aligned fibril. For a nonparallel fundamental, the induced second-harmonic dipole is generally nonparallel. Perpendicular field components are calculated similarly with a different b matrix element and a different c. They yield qualitatively similar F/B results in terms of scatterer distribution. These results are not presented within this article.
RESULTS
SHG polarization from tendon
Although the collagen hyperpolarizability matrix has previously been examined at both macroscopic and microscopic scales (Roth and Freund, 1979; Stoller et al., 2002a) , we are now able to revisit these measurements with individual fibril resolution. Following previous approaches, we assume cylindrical symmetry, with the caveat that the fibrillar ''crimping'', or the characteristic fibril waviness, could make this assumption suspect. We obtained tendon images using a linearly polarized fundamental and an SHG analyzer, both at varying angles to the fiber axis. For analysis, we identified (by eye) tendon regions in which fibrils possess an orientation that is parallel to the fiber axis (Fig. 2 a, yellow mask) . In Fig. 2 b, the average SHG polarization intensity from this region is plotted with an illumination polarization at 0°(red), 30°(black), 60°( green), and 90°(blue) to the fiber axis (arrows). Fits are constructed using Eq. 4, in which there are two fitting parameters: Ip, which is normalized to 1 and r, which determines the relative magnitudes of the curves. For this specimen, fits revealed r ¼ 2.6 6 0.2. Previously r had been measured to be 1.2-2.0 in adult tendons Stoller et al., 2002a) and as little as 0.8 in immature tendons (Roth and Freund, 1979) . However, those values were FIGURE 1 Diagram of coordinate system for calculating the SHG field at an observation point (R, u, u) from an arbitrary distribution of nonlinear scatterer within the focal volume. In this case, the nonlinear scatterer is distributed uniformly in a rod along the ŷ axis. In all SHG field-propagation calculations, the illumination incidence is directed along the 1 ẑ axis and the illumination polarization as well as induced nonlinear dipoles are assumed to be entirely ŷ-polarized. measured from whole fibers or from fiber regions without the ability for resolving individual fibrils. If we analyze regions where the fibrils are not aligned to the fiber axis, the goodness-of-fit to Eq. 4 is degraded and smaller r values result (data not shown). We note that our cylindrical symmetry assumption for the hyperpolarizability matrix is only truly valid at the individual fibril level and therefore fits to Eq. 4 are only expected for parallel fibrils. The combined effects of fibril directionality and illumination polarization have been described in detail elsewhere (Stoller et al., 2002b) .
Taken together, these results suggest that the intrinsic single fibril polarizing effects are greater than previously estimated. Macroscopic measurements of r are significantly perturbed by fibrillar crimping (Stoller et al., 2002b) , which is highly variable with tissue age, tissue type, or applied tension. Note that using an illumination polarization perpendicular to the fibril axis with simultaneous observation of parallel and perpendicular SHG emission (Fig. 2, c and d ) results in images possessing a dramatic banding pattern, useful for analysis of crimp behavior. With perpendicular illumination polarization and a perpendicular SHG analyzer, signal from nonparallel fibrils is quite prominent whereas that from parallel fibrils is absent. For example, the green curve in Fig. 2 b represents the SHG intensity distribution from a fibril illuminated with a fundamental at 60°from the fibril (or perpendicular illumination on a fibril oriented at 30°t o the fiber axis). A perpendicular analyzer would pick up signal at the 60°mark of this curve. The intensity at this point is roughly 10-fold that of the intensity from a parallel fibril with perpendicular illumination and a perpendicular analyzer (blue curve; 90°mark). To understand the propagation of SHG from a fibril-shaped distribution of scatterer, we analyze only the simplest case in which the fibrils are aligned parallel to the illumination polarization.
SHG emanates only from the fibril shell
A century ago, Gustav Mie discovered that objects extended along the optic axis (ẑ-direction) for a distance on the order of the emission wavelength exhibit linear scattering that is forward directed. This principle holds true for SHG (Mertz and Moreaux, 2001; Zipfel et al., 2003a) and other nonlinear processes (Volkmer et al., 2001; Cheng et al., 2002) as well. It results from the fact that extended scatterers emitting synchronously with a forward going fundamental generally remain phase matched only in the same forward-going direction. (Backward phase matching only occurs in the exceptional case when scatterers are distributed at a spatial frequency of 2=l 2v :) The phenomenon is somewhat complicated with the use of a highly focused illumination beam, but the general rule remains (Moreaux et al., 2000; Mertz and Moreaux, 2001; Volkmer et al., 2001) .
In nonlinear microscopies, signal arises only from the scanned focal volume. Thus, for scatterers possessing a thickness comparable to the SHG wavelength, ;l 2v , the ratio of forward/backward signal (F/B) in SHG microscopy can be used to assess the axial size of the scatterer within the focal volume. This principle implied the ability to measure the thicknesses of fibrils within a laterally oriented tendon. Several comprehensive electron microscopy (EM) studies of fixed rat tail tendons have indicated that fibril diameters are ;l 2v and consistently grow thicker with age (Parry et al., 1978; Craig and Parry, 1981) . To make absolute F/B measurements from variously aged tendons (accounting for differences of optical transmissivity through the tendons) we normalized SHG F/B measurements to F/B measurements from fluorescent bead standards embedded within the tendon. Fig. 3 , a and b, show typical images in the F and B directions, respectively.
A high-N.A. objective (e.g., 1.4 N.A. oil) typically possesses a working distance (;100 mm) inadequate for imaging tissue explants. Even tendon specimens, which are relatively thin (several hundred microns for an adult tendon) and clean, can only be imagined selectively with oil-immersion optics. Furthermore, to collect most of the forward-directed SHG, one must use a collection N.A. roughly equivalent to the illumination N.A. (Moreaux et al., 2000) . The combination of high N.A. forward and backward FIGURE 2 SHG polarization from individual fibers. (a) To determine the intrinsic fibril r, regions are selected in which fibrils are all oriented parallel to the fiber axis (yellow mask). (b) The SHG polarization intensity is measured from these regions by imaging with an analyzer placed between the specimen and the forward SHG detector. The curves displayed are from a linearly polarized fundamental at 0°(red), 30°(black), 60°(green), and 90°(blue) to the fiber axis (colored arrows). Note the differences in images acquired with an analyzer oriented parallel (c) and perpendicular (d) to the fiber axis. In this case, the SHG is induced with a fundamental that is polarized perpendicular to the fiber axis. Scale bar ¼ 50 mm.
collection limits the specimen thickness to ;100 mm. Thus, we used a high-N.A. objective only for selectively imaging fibrils where the highest resolution was required. We performed most calculations and experiments with a medium N.A. (0.75) to conform to general imaging conditions applicable to collagenous tissue explants. Note that the objective N.A. is not a big factor in F/B directionality of SHG propagation (calculations not shown). F/B depends primarily upon the axial extent of the scatterer as compared to the illumination wavelength. Fig. 3 , a and b, shows that the collagen fibrils are not significantly forward propagating as compared to the bead standards. If the collagen fibrils consisted of solid scatterer throughout, differently aged fibrils, with differing diameters (Parry et al., 1978; Craig and Parry, 1981) , would be expected to exhibit F/B differences over orders of magnitude. The inserts in Fig. 3 , a and b, contain images of beads interspersed among small glycine crystals. (Both glycine and hydroxyproline, two major constituents of collagen fibrils, generate second harmonic in crystal form.) By comparison the crystal rods are significantly forward propagating (F/B ; 80). Fig. 3 c shows a plot of F/B calculated to emanate from varying diameter solid rods of scatterer (solid line; calculated via Eq. 7). Note that resonance effects occur at l 2v /2 intervals, from increases in backward scattering at specific diameters. Fibril thicknesses within the same tendon are in fact known to vary over hundreds of nm (Parry et al., 1978) and would be expected to exhibit highly variable F/B values even within the same fiber. We were surprised to find that the measured F/B for tendon is close to one and remains relatively constant over all fibrils within a specimen and between all age specimens (Fig. 3 c, circles) . These results are instead consistent with SHG emanating from a fibril modeled as a thin (,l 2v /20) hollow tube (dotted line; calculated via Eq. 7). Note that the fibril age to diameter mapping was accomplished using published EM data from fixed tendons (Parry et al., 1978; Craig and Parry, 1981) . Unfixed tendons are ;30% larger (Parry and Craig, 1977) and thus would be expected to exhibit even larger F/B increases with age if SHG signal emanated from the entire fibril volume, rather than from its shell.
When fibrils are large enough to be resolved with a high-N.A. objective, the SHG shell can be imaged directly. Fig. 3 d shows a projection of sequential lateral SHG images through laterally oriented fibrils and Fig. 3 e shows a single optical FIGURE 3 SHG emanates from the fibril shell only. (a and b) SHG from tendon is not significantly forward directed as shown by images of a 35-day tendon in the forward (a) and backward (b) directions. Absolute F/B is determined by normalization to F/B from 6-mm fluorescent beads, in which F/B ; 1. Shown in the inserts are F and B images of beads as compared to small rod-shaped glycine crystals, which clearly exhibit forward scattering. (c) F/B data from tendon suggest that the collagen fibril possesses a scatterer distribution more like a hollow tube than a solid rod. F/B data from fibrils of varying ages (circles), and thus varying diameters, are consistent with calculations (Eq. 7) of F/B from a thin shell (with a thickness , l 2v /10, dashed line) rather than a solid rod (solid line). Each circle represents measurements from at least three tendons; error bars are too small to be visualized on the scale of this graph. The curves were calculated for a fibril centered in the focal spot; however, decentering the fibril had no significant effects on the curves. (d and e) High-resolution images reveal the hollowtube appearance of resolvable fibrils (at arrowheads). An oblique projection (d) and a lateral cross section (e) acquired from adult tendons with a Zeiss 40 3 1.4 N.A. oil objective. (f-h) The fibril diffraction pattern is consistent with SHG emanating from a hollow shell. To examine the SHG profile from a single fibril, a beam is focused at the indicated stationary location (X in f) in an adult tendon. The resulting diffraction pattern (g), imaged at the objective back aperture, matches that calculated for a thin hollow tube 0.25 mm in diameter (h). This experiment was carried out with a longer wavelength l v ¼ 880 nm to ensure sensitivity of the camera to the SHG. The scale bars are 20, 2, 2, and 50 mm for b, d, e, and f, respectively. section through axially oriented fibrils. The large resolvable fibrils (arrowheads) resemble hollow tubes rather than solid rods. In both cases, the apparent shell thickness of the tubes is measured to be at the resolution limit for the objective and wavelength used: 0.2-0.3 mm for a 1.3-N.A. objective at 780 nm. When the focal volume is smaller than the scattering volume (typical in microscopy), it is known that the SHG signal is greatly enhanced at the surface (Boyd, 1992) . However, this surface enhancement with a focused beam only occurs from surfaces perpendicular to the optic axis and would not explain the appearance of the axially oriented surfaces evident in both figures. Furthermore, this surfaceradiating property is not due to electric quadrupole and magnetic dipole effects producing surface enhancements in otherwise SHG-free centrosymmetric structures. Such effects result from symmetry breaking at the surface and are most pronounced with a fundamental that is perpendicularly polarized with respect to the surface (Heinz, 1991) . With collagen, a highly noncentrosymmetric molecular assembly, SHG polarization is primarily parallel to the fibril surfaces and greatly enhanced with a parallel fundamental polarization (Fig. 2 b) .
Taken together, the F/B ratio being of order unity, the hollow-tube images of large fibrils, and the polarization dependence of the radiating SHG, all suggest that SHG emanates only from the fibril shell rather than from its bulk as had previously been assumed by reference to EM micrographs of dried fibrils that appear somewhat uniform throughout (Parry and Craig, 1977) . These diverse measurements suggest that the SHG shell is a physical characteristic of wet fibrils, not an optical effect.
A further check shows that a stationary beam at a single point in an adult tendon (Fig. 3 f, location X) produces an SHG intensity profile at the Fourier plane in the forward direction (Fig. 3 g) with an ellipticity consistent with that calculated (Eq. 7) for a thin hollow tube with a 0.2-0.3-mm diameter (Fig. 3 h, 0.25 mm diameter) . This fit produces a reasonable estimate for an adult tendon fibril (Parry et al., 1978; Craig and Parry, 1981) . Diffraction patterns from other fibrils are similar. The fringes in the imaged pattern (Fig. 3 g ) are due to subsequent SHG scattering through the remainder of the tendon thickness, which was not accounted for in the calculations.
Low ionic strength results in a dramatic increase in F/B
Collagen SHG is expected to be extremely sensitive to the biochemical properties of the solution in which the fibrils reside. In the previous section we found the measured F/B to be relatively independent of fibril diameter. Additionally, we have found F/B to be insensitive to pH (in physiological ranges) and to osmotic stress-both from small and large osmolites (data not shown). However, F/B does change dramatically with solution ionic strength. Fig. 4 , a-d, shows F and B images of a mature tendon at 2 and 200 mM NaCl concentrations, respectively. There are no resolvable morphological changes in the SHG images, even when examined at high resolution, but the magnitude of F/B is 10-fold higher under low-salt conditions. Fig. 4 e shows a graph of F/B from fresh (closed circles) and paraformaldehyde-fixed (open circles) tendons at increasing salt concentrations. Decreasing F/B values with increasing ionic strength are not immediately reversible. Once a tendon has been immersed in a high-salt solution, a several-hour rinse is necessary to recover high F/B values. Paraformaldehyde fixing a tendon in water locks in the secondary and tertiary protein structure at low salt, resulting in a suppressed F/B decrease upon introduction of salt. These results imply that the F/B decrease with ionic strength is due to a subresolution structural change.
One explanation for a dramatic F/B decrease upon salt introduction would be a ''thinning'' of the shell from which the SHG emanates. For F/B to be sensitive to shell-thickness changes, the shell must be thick enough to sample differing illumination phases (at least;l v /20). Precise F/B values are dependent upon the width of the fibril, and its position and orientation within the illumination beam. Fig. 4 f shows a graph of calculated F/B values for laterally oriented tubes of differing diameters (numbers are in nm) as a function of shell thickness. Note that as expected F/B values are dependent on the exact size of the fibrils due to resonance effects in backward-propagating SHG, but there is a clear trend toward increasing F/B values with increasing shell thickness. Off-centering the fibril within the illumination beam changes the shape of the curve slightly (see the solid and dotted lines for the centered and off-centered 380-nm diameter fibril), but does not affect the overall conclusion. Using this graph, we estimate that a tendon in physiological saline (F/B , 10; Fig. 4 e) possesses a shell thickness ,50 nm. For an average adult 380-nm diameter fibril (Parry et al., 1978) , an F/B ; 80 would imply a shell thickening to .100 nm while immersed in low salt. The insert figures show highresolution images of fibrils from approximately the same position in an adult tendon immersed in 200 mM (panel g) and 2 mM NaCl (panel h). In this case, the forward and backward channels are both normalized to the same average value, the forward image is shown in green pseudocolor and the backward image is shown in red pseudocolor. Note that the fibrils in high salt (presumably thin shelled) show little variability in F/B (visualized as fibril color), whereas the fibrils in high salt (presumably thicker shelled) show significant variability. The graph (Fig. 4 f) predicts this effect for a collection of fibril diameters. Clearly the exact magnitude of the shell thickness change depends upon the fibril diameter distribution, which is unknown. However, the fact that dramatic F/B changes occur around physiological salt concentrations (Fig. 4 e) , makes this measurement a potentially useful technique for assessing collagen hydration conditions.
Immature fibril segments are aligned and scatter prominently in the backward direction Although the average F/B does not change by orders of magnitude with tendon maturation, it does exhibit subtle changes. For instance F/B for an infinitely thin fibril is calculated to be F/B ; 1, whereas a 380-nm tube with infinitely thin walls should exhibit F/B ; 5 (calculations not shown). Because tendons undergoing fibrillogenesis exhibit fibrils of all thicknesses, high-resolution images of young tendon appear strikingly different depending on the direction of SHG collection (Fig. 5, a (forward) and b (backward) ). By contrast, images from the mature fibrils in adult tendon are identical in the F and B directions (Fig. 5, c and d,  respectively) . In immature tendon, backward SHG images exhibit a punctate distribution attributable to small-diameter, segmental collagen. Serial EM sections have shown that in two-week-old chicken tendon, most fibrils are ,20 mm in length (Birk and Linsenmayer, 1994) , with segment-segment fusion proceeding subsequently to form mature, continuous fibrils. Presumably the same process occurs in young rat tendon, but our images show that most segments are a few microns or less in length. We observe the same spotty pattern in young periosteum (data not shown). In both tendon and periosteum, these fibril segments are sometimes distributed nonuniformly along the collagen fibrils (Fig. 5 b) , with a periodicity similar to that of the super fibrillar crimps.
The question then arises as to whether newly forming fibrils are less ordered than their adult counterparts. To address this question, we measured the polarization characteristics of the emitted backward SHG from fibril segments. Again mature fibrils are more prominent in the forward channel (Fig. 5 e) , whereas immature fibril segments produce relatively more backward-directed SHG (Fig. 5 f) . In this case the backward emission polarizations were separated and the resulting images color-coded (perpendicular to tendon, purple; parallel, yellow). The clear banding pattern of this representative image, reminiscent of that for a fully organized adult tendon (Fig. 2, c and d) , shows that even the punctate fibril segments radiate SHG polarized according to the neighboring fibril directionality. Thus, they are well aligned even when they are in their immature segmental form. This finding corroborates theories of fibril segment . High F/B values from fibrils in pure water are consistent with a swelling of the shell from which the SHG emanates. The insert images show images of fibrils immersed in 200 mM (g) and 2 mM NaCl (h). In this case, images in the forward and backward directions are both normalized to the same average value, the forward image is shown in green pseudocolor and the backward image is shown in red. As predicted for a distribution of fibril diameters, the fibrils in low salt show significant F/B variability (visualized as color variability), whereas those in high salt do not.
formation in which fibrils are produced in long and aligned compartments or channels within the fibroblasts that produce them (Trelstad and Hayashi, 1979; Birk and Linsenmayer, 1994) . The smaller macroscopic r values measured in younger tendons (Roth and Freund, 1979) are thus likely to be due to the higher quantity of super fibrillar ''crimps'' than to a disorganization of the immature fibril segments.
DISCUSSION
A collagen fibril is described usually as a mass of microfibrils that aggregate laterally into a relatively homogeneous strand. By quantifying the relative amount of forward-tobackward propagating SHG, we have shown that SHG cannot emanate from the whole fibril volume in fibrils of wet tendon. Such a conclusion is drawn from the general rule that scatterers extended along the optic axis (l 2v ) are strongly forward scattering. Adult tendon fibrils are known to be of this thickness and yet when laterally oriented, they exhibit an F/B ratio close to unity. These and other results are consistent with the hypothesis that SHG emanates only from the fibril shell, a hypothesis that is extremely intriguing in light of recently acquired AFM images of collagen fibrils that exhibit kinks in bending patterns suggestive of hollow tubes rather than filled rods (Gutsmann et al., 2003) . Furthermore, the thickness of the structural surface layer imaged with AFM (Gutsmann et al., 2003) is consistent with our estimated value (,50 nm). The sharpness of Bragg peaks from x-ray scattering analyses in wet rat-tail tendon have also indicated that the ordered regions may only be ;30 nm across (Woodhead-Galloway, 1980) , again consistent with our own estimation of the SHG shell thickness. Presumably this structural layer possesses the highest supermolecular order for generation of second harmonic. The chemical nature of the fibril interior has yet to be resolved, but we hypothesize that it is somewhat fluidic, relaxing to a centrosymmetric configuration. An F/B calculation for an adult fibril (0.38 mm diameter) reveals that b in the interior of the fibril must be ,1% of that of the shell to exhibit fibril F/B values of order unity. A somewhat fluid interior would also corroborate other physical measurements in wet tendon specimens: the considerable degree of disorder evident from x-ray diffraction patterns (Hulmes et al., 1995) as well as the significant molecular mobility (around the fibril axis) evident from NMR relaxation times (Sarkar et al., 1983) . Mobile water molecules are critical to both of these measurements.
High F/B values at low ionic strengths imply that the shell of the fibril swells under these conditions. Indeed it is known that immersing rat tendons in water results in a 10-20% increase in the average lateral spacing between collagen triple helices as assessed by x-ray scattering, along with an increase in water uptake and structural disorder (Svendsen and Koch, 1982; Leikin et al., 1994; Price et al., 1997) . A swelling of the shell layer with the finding that the shell is the structural component of the fibril (Gutsmann et al., 2003) agree with empirically measured increases in stiffness with tendon hydration (Haut and Haut, 1997) . With a cleverly designed endoscope, in which collagenous tissue is gently pulled between two optical fibers with a scattering standard, high F/B values could be used to diagnose abnormal hydration levels, such as those indicative of injury or various surgical procedures (Thornton et al., 2001 ). However, high F/B values could also reflect tissue positioning such that fibrils adopt a more axial alignment with respect to the optical fibers. Further nonimaging endoscopic potential resides in the ability to distinguish various collagen matrix types using a spectral ratio reporting the relative amounts of SHG/fluorescence. Although tendon collagen shows FIGURE 5 Immature fibril segments indicative of ongoing fibrillogenesis can be imaged in the backward direction. Fibril segments in a two-day tendon are more prominent in the backward image (b) than the forward image (a), whereas F and B images from mature tendon (c and d, respectively) are identical. (e) An image from a 19-day tendon collected in the forward direction shows mostly mature fibrils. (f) As indicated by their polarization, immature fibril segments are aligned to the fibril directionality. The backward-directed SHG is separated into two channels depending on the emission polarization (purple ¼ perpendicular and yellow ¼ parallel to the tendon axis as indicated by colored arrows). In the last case, the fundamental was polarized perpendicular to the tendon axis. All scale bars ¼ 10 mm.
virtually no fluorescence (Zipfel et al., 2003a) , dermal collagen shows quite a significant amount (data not shown), a fact that may relate to the amount of collagen glycosylation and cross-linking (Monnier et al., 1984) .
Note that quantifying the angular distribution of coherent scattered light is a general method for determining the spatial frequencies of scattering objects. Using SHG microscopy enables these measurements to be performed at specific sites within optically thick specimens. Collagen fibrils are particularly amenable to such measurements because they are huge molecular assemblies, possessing widths comparable to optical wavelengths and nonlinear susceptibilities that are quite large. Using this method, we have demonstrated a physiologically relevant structural change in tendon fibrils of a size scale smaller than the resolution limit of the microscope. Although the collagen fibril offers a particularly clear application, this method is generalizable to any problem necessitating discrimination between axial object sizes in any coherent microscopy. For example SHG (;400 nm) from microtubules in laterally oriented neuronal axons are reported to have an F/B ; 10 (Dombeck et al., 2003) . Because these structures are known to have a diameter of only 30 nm (,l 2v /10), the relatively high F/B can be interpreted to mean that the microtubules coherently add throughout the several hundred nanometer axon cross section. In other words, the induced dipoles from microtubues are aligned, a fact that is corroborated by polarization measurements in conjunction with EM studies of microtubule polarity (Baas et al., 1988) . Another example stems from the ability of epi-collected CARS (as compared to forward-collected CARS) to discriminate signal of an axially finite source from the axially extended background (Cheng et al., 2002) . Although knowledge of the scatterer shape as well as the directionality of the induced dipole is necessary for an exact calculation of coherent scattering propagation, it is the axial extent of the scatterer that ultimately determines F/B.
Because of the high organization of biological tissues, imaging will be essential for obtaining maximal potential from collagen endoscopy. The fact that immature fibrils can be distinguished from mature fibrils in the backward direction by resolving punctate structure from segmental collagen is extremely fortuitous because the penetration depth for tissue SHG microscopy is usually limited to several hundred microns. Clearly most imaging endoscopes designed for live animal and eventually human applications will rely exclusively on backward-scattered light. The ability to identify regions of active fibrillogenesis along with recent developments in the remote delivery of ultrafast pulses through microstructured optical fibers (Ouzounov et al., 2002) suggest that endoscopic collagen SHG microscopy may exhibit diagnostic potential for assaying collagen repair and regrowth after injury (Kobayashi et al., 1999) or for evaluating disease states such as malignancy progression. Increased synthesis and degradation of types I and III collagens are known to occur in the tissue surrounding cancerous lesions (for example, see Heino, 1996) . Identification of immature segmental collagen in the backscattered direction may provide the impetus for a relatively noninvasive endoscopic tool for identifying tissue regions with high collagen turnover.
